Abstract This work presents the results and discussions of the application of an optimally controlled influent flow rate strategy to biodegrade, in a discontinuous reactor, a synthetic wastewater constituted by 4-chlorophenol. An aerobic automated discontinuous reactor system of 1.3 m 3 , with a useful volume of 0.75 m 3 and an exchange volume of 60% was used. As part of the control strategy influent is fed into the reactor in such a way as to obtain the maximal degradation rate avoiding inhibition of microorganisms. Such an optimal strategy was able to manage increments of 4-chlorophenol concentrations in the influent between 250 and 1000 mg/L. it was shown that the optimally controlled influent flow rate strategy brings savings in reaction time and flexibility in treating high concentrations of an influent with toxic characteristics.
Introduction
The majority of industrial wastewaters can be degraded using microorganisms. Nevertheless there exist more than 70,000 compound synthetic organic chemicals (xenobiotic compounds) and many of them are very difficult to degrade using conventional biological processes. Generally, when some of these compounds are present in industrial wastewater, problems in the biological treatment occurs because of the low biodegradability and inhibition of the biomass. The possibility that a toxic compound will be degraded depends mainly on the presence of a specialized microorganism and the acclimation period .
Phenols are very common pollutants in industrial wastewaters from industries such as pharmaceutics, chemistry, petrochemical, pulp and paper industries, wood preservative production, pesticides, herbicides, fungicides, etc. For example, chlorophenols can migrate easily from a liquid environment to another due to its relatively high solubility. When the wastewaters that contain chlorophenolic compounds are discharged into rivers they can produce metabolic changes in the populations that live in this environment. It has been reported that these compounds have carcinogenic and teratogenic properties. In the human case, brominated and chlorinated phenols were found in plasma from Swedish blood donors (Hovander et al., 2002) . Also, chlorophenols have possible endocrine-disrupting effects, exerted by interference with the transport of thyroid hormones (van den Berg, 1990) . Due to the high quantities of chlorophenols produced in the industry and the adverse effects in living organisms, these compounds have been classified as high-priority polluting agents by the United States Environmental Protection Agency, US EPA (Wentz, 1989) . In consequence, it is important to produce an efficient treatment for the removal of phenolic compounds present in industrial wastewater.
Industrial wastewater is usually treated by the classical continuous activated sludge processes (Eckenfelder and Musterman, 1995) . Nevertheless, because the industrial waters are very variable in the flow and concentration (shock loads) of toxic compounds, their design requires large volumes of the reactor tank in order to provide a long enough retention time to achieve the biodegradation, and sometimes removal efficiencies are not satisfactory. In order to avoid these problems and to increase the biotreatment efficiencies of industrial wastewater, alternatives technologies such as the Sequencing Batch Reactor (SBR) have been proposed. The SBRs are flexible in the control operation and can be automated.
The SBR operates under five phases: fill, react, settle, draw, and idle (Wilderer et al., 2001) . In the usual operation mode, the duration of these phases is typically determined by an expert operator based on his experience and exhaustive testing in the laboratory with a pilot plant. In particular, the reaction phase is sufficiently long to allow the toxic substances to be effectively biodegraded. The settle and draw phases are fixed in duration by the characteristics and constraints of the activated sludge and the reactor itself.
A SBR operated in the usual form presents several constraints when applied to toxic wastewater degradation: inhibition of the microorganisms, problems with shock loads of toxic compounds, deacclimation and problems of microorganism starvation, and low efficiencies regarding the removal of toxic compounds (Buitrón et al., 2005) . In order to overcome the problems discussed above and to exploit the maximum capabilities of the discontinuous reactors, Betancur et al. (2004) described the mathematical development of a new optimal controlled influent flow rate strategy to robustly maximize the reaction rate of a discontinuous process treating inhibitory compounds. The optimal control strategy was successfully tested in a lab-scale pilot plant for the degradation of different concentrations of 4-chlorophenol (up to 625 mg/L) (Moreno-Andrade et al., 2006) . The optimal control strategy showed a reduction in the degradation time (around 52%) and in the supplied air volume when the optimal strategy was compared with the usual mode.
This work evaluates and discusses the application of an optimal control strategy to biodegrade wastewater containing 4-chlorophenol in an industrial prototype sequencing batch reactor.
Methodology
An aerobic automated SBR system of 1.3 m 3 , with a useful volume of 750 L and an exchange volume of 40% was used (Figure 1 ). The airflow rate was 100 L min 21 and operated at ambient temperature (around 19^2 8C). The reactor was inoculated with microorganisms from a municipal activated sludge treatment plant (2000 mgVSS/L).
Figure 1 Industrial-prototype SBR used in the degradation of wastewater containing 4-chlorophenol G. Buitró n et al.
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A synthetic wastewater containing 4-chlorophenol (4CP), (Aldrich, purity $ 99.0%) was used as a sole source of carbon and energy. Nutrients (nitrogen and phosphorus) and oligo-elements were added as recommended by AFNOR (1985) . Phenol concentration was measured taking samples and processing them offline using a modified colorimetric technique of 4-aminoantipyrine (Standard Methods, 1992) . Total and volatile suspended solids (TSS and VSS), as well as Chemical Oxygen Demand (COD), were determined according also to Standard Methods (1992). The SBR was operated under the following strategy: pre-aeration time (15 min), fill and reaction time (variable depending on the necessary time to reach a total degradation of the mixture) and settling time (30 min), draw (6 min). The reactor was operated for 57 cycles (65 days). The first 15 cycles (24 days) were used for the biomass acclimation to 4CP. The last cycles (cycles 16 to 57) were operated with the optimal strategy. Under standard operation the reactor degraded an influent synthetic wastewater containing 250 mg/L of 4-chlorophenol. In the last degradation cycle (57) a punctual increase of 1000 mg 4CF/L in the influent concentration was tested in order to evaluate the response of the optimal strategy when a concentration peak is present. This shock load represents an increase of 400% in the influent concentration compared with the usual concentration applied during the operation of the reactor.
The biomass was acclimated using a variable cycle strategy, i.e. the reaction phase duration was variable and stopped when the removal of 4CP was equal to or greater than 95%. After the acclimation period, the reactor was operated using the optimal strategy. The optimal strategy controls the fill and reaction phases by using a variable named oxygen mass uptake rate (OMUR) directly related to the reaction rate. Such a variable can be estimated in real time by using the DO concentration and the volume of the reactor, as described in detail by Moreno-Andrade et al. (2006) . Considering that an inhibitory wastewater follows the Haldane behavior, there exists a certain substrate concentration (S p ) where the maximal degradation rate is obtained. When the influent concentration is higher than S p , the inhibition starts. The optimal strategy controls the influent flow rate in such a manner that the reaction rate is maintained close to its maximal value. Thus the reactor operates with a controlled periodic influent as a fed-batch. In theory it is possible to biodegrade any toxic concentration since the strategy feeds only the necessary amount of wastewater to maintain the maximal degradation rate and to avoid inhibition.
Results and discussion

Acclimation
The reactor was acclimated to degrade 250 mg/L of 4CP using the usual operation mode (i.e. no control strategy was used for the biomass acclimation). The acclimation of the microorganisms was reached in 15 cycles (24 days). During the acclimation, the 4CP was degraded with efficiencies higher than 99.9% as 4CP and 97% as DOC and COD. During the acclimation, the reaction phase duration was reduced from 90 h to 2 h, after 19 operation days (from cycle 1 to cycle 15). The duration of the reaction phase was maintained in 2 h. Once the biomass was completely acclimated to the 4CP the degradation time is constant as described by Moreno-Andrade and Buitrón (2004) .
As the acclimation was carried out, the sludge volumetric index (SVI) decreased (Figure 2) . It is clear that filamentous bacteria found in the inoculum used were eliminated by the toxic compound. In general, the microorganisms degrading the 4CP presented excellent settling proprieties. Even for a problematic inoculum, SVI decreased from 364 to 132 mL/g after 15 cycles. Also, during the biomass acclimation TSS in the effluent were reduced from 55 to 23 mg/L, confirming the good settling proprieties of the biomass. Figure 3 presents the kinetic curves for the operation of the reactor once the biomass was acclimated. It is possible to observe that, in the usual operation mode, the fill of the reactor is very fast (5 min) and the 4CP concentration increases up to 95 mg/L in the reactor. The 250 mg/L are diluted by the remaining water present in the reactor. The behavior of the dissolved oxygen (DO), OMUR and substrate concentration (measured as 4CP) is observed in Figure 3 . In this case the fill of the reactor is very fast and the DO decreases to 5 mg/L in 5 min. The OMUR increases suddenly; however, when toxic substrate concentration is higher than S p , the inhibition starts, and the OMUR decreases again. The reaction phase takes around 2.5 h. During this period the DO concentration decreases gradually and the OMUR increases indicating the improvement of the microbial activity because the substrate concentration is arriving at S p . In the usual operation mode the maximal microorganism's activity is near to the maximal few minutes. Once the substrate is very low, the DO concentration increases and the OMUR decreases because there is no more substrate in the water, and then the microorganism activity is reduced. At the end of the reaction phase only the endogenous respiration prevails and the OMUR reaches its minimal value. It is clear to observe that with this operation mode the degradation activity and velocity are only at the maximal value at the end of the reaction and only for a few minutes, because the toxic substrate concentration is superior to S p in the major part of the reaction phase and there is inhibition of some microorganisms. 
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A good performance of the reactor operated with the optimal control strategy was obtained since the degradation of the 4CP was efficiently completed. The average removal efficiencies were up to 98% as chemical oxygen demand and . 99.9% as 4CP. Figure 4 presents the behavior of the substrate concentration, measured as 4CP during a cycle operated under the optimal control strategy (250 mg 4CP/L). It is possible to distinguish how the control operates following the substrate, the DO and the OMUR curve. Once the influent begins to be fed to the reactor, the reaction starts. The DO decreases (first 0.2 h, Figure 4) as the metabolic activity of the biomass increases to degrade the 4CP. Simultaneously, the estimator calculates OMUR and follows its value. When a maximal point of OMUR is detected (before a minimum in the DO concentration), the feeding pump is turned off. The microorganisms degrade the substrate. At this point, OMUR decreases because the concentration of substrate is lower than S p (it has passed from 13 to 0 mg 4CP/L, at 0.5 h in Figure 4) . Thus, the feeding pump is switched on again, and a new charge of substrate is fed to the reactor. This procedure is repeated until the maximal volume has been reached and then, the degradation proceeds in a batch manner, ending the reaction when the DO concentration increases to a constant value and OMUR is decreased and stabilized at a low value. It is possible to observe in Figure 4 how the concentration of 4CP in the reactor is maintained around 12 mg/L, which corresponds to a concentration close to the maximal OMUR value and S p . The operation mode can be explained as if in the reactor several mini-batches took place during a cycle. For the example shown, the inhibition never occurred due to the fact that 4CP concentration in the bulk of the liquid in the reactor was around S p and was never higher than 14 mg/L during the whole reaction.
The degradation of 250 mg 4CP/L with the optimal control strategy was obtained in 2 h, this represents a 15% less than the reactor using the usual operation mode (Figure 3) . The reduction in the time is because the control maintains the microorganisms at this maximal activity and thus the maximal degradation velocity.
The bioreactor was operated during 41 cycles using the optimal control strategy. Figure 5 presents the evolution of the specific degradation rate, the total suspended solids in effluent and sludge volumetric index during the long term evaluation of the optimal control strategy. The operation of the reactor was stable, with efficiencies higher than 99.9% for the 4CP degradation, and 91^3% as COD. The effluent presented 38^15 mg COD/L and 30^12.5 mg TSS/L. On average, the specific degradation rate Figure 4 Evolution of the substrate concentration, measured as 4CP and DOC during a cycle using the optimal control strategy. Note that the changes in the g value agree with the changes in the DO concentration, since the DO is used to estimate OMUR was 45^12 mgCOD/mgVSS/h for the COD and 26^7 mg4CP/mgVSS/h for the 4CP during the operation with the optimal control strategy. In general the reactor shows that the practical implementation of the optimal fill control strategy was possible with stable and reproducible results in an industrial prototype discontinuous reactor.
Degradation of a shock load of 1000 mg 4CP/L As discussed in the introduction, the main problem with toxic wastewaters is the shock loads that could inhibit the biomass causing reactor failure. For this reason in the last degradation cycle, the influent concentration was increased to 1000 mg 4CP/L to evaluate the response of the optimal strategy. The concentration peak represents an increase of 400% in the 4CP concentration, compared with the standard condition of the reactor. The behavior of the degradation peak is present in Figure 6 . The performance of the control was similar to the degradation of 350 mg/L, but in this case more mini-batches were employed for the total degradation of the influent volume and the total degradation time also increased. The degradation time needed for the total degradation of the substrate was 8 h.
An important point to be considered is that concentrations higher than 350 mg/L produce inhibition problems and it is difficult to degrade with the usual biological processes (Buitrón et al., 2003) . For example, when wastewaters containing high concentrations of phenolic compounds are discharged in a conventional treatment plant, it is necessary to dilute the influent in order to avoid inhibition. Thus, several cycles will be required, besides the water used for dilution. On the contrary, with the optimal control strategy, there is no need for dilution, since in the reactor the necessary amount of wastewater is fed by the control strategy. As the automated feeding is divided into several controlled mini-batches there is no chance of inhibition. Theoretically any initial concentration can be fed to the reactor since only the adequate concentration will be introduced to maintain the degradation velocity as close as possible to the maximal degradation rate. 
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Another advantage of the control strategy is that it is not necessary to know the initial toxic wastewater concentration because the control is based on the oxygen consumption of the microorganisms and thus, directly related to the microbial activity. This is significant because in the usual operation mode it would be necessary to know the initial concentration when a shock load is arriving in order to make the necessary dilution to avoid inhibition and to proceed with the satisfactory degradation of the wastewater.
Conclusions
The optimal fill strategy in the biodegradation of inhibitory wastewater in an industrialprototype was tested. The optimal control strategy showed that it is robust and stable in long operation periods (more than 2 months). The degradation efficiencies of the 4-chlorophenol were as higher as 99.9%, and 98% as chemical oxygen demand, the parameters evaluated demonstrate the excellent behavior of the process. The optimal control strategy was able to manage increments of toxic concentrations in the influent up to 1000 mg/L of 4-chlorophenol without inhibition problems.
Theoretically, any initial concentration can be fed to the reactor since only the adequate concentration will be introduced to maintain the degradation velocity as close as possible to the maximal degradation rate. Another advantage of the control strategy is that it is not necessary to know the initial toxic wastewater concentration because the control is based on the oxygen consumption of the microorganisms and thus, directly related to the microbial activity.
